Introduction
It is well known that about 10 million tons of steelmaking slags are being generated per year in Japan. Most of them have been disposed as landfilling materials etc. without recovering iron resources contained due to the high concentration of impurities such as phosphorus and sulfur. In addition, the environment problem caused by steelmaking slags will be more serious from the standpoint of dissolution of impurities and the fluorine added as CaF 2 for the efficient refining process.
In order to treat the slag, a source of energy is necessary to supply the heat required for melting and endothermic reaction. Other than combustion energy of a carbonaceous fuel, utilization of electrical energy, such as induction and resistance, can be considered. However, due to the poor electrical conductivity of the slag, arc and induction heating process are not effective for slag.
On the other hand, microwave processing has been widely developed in the past 20 years [1] [2] [3] in application such as heating and/or drying of food, paper, plastics, textiles, building materials, fuels, medicines, etc., as well as in applications in materials processing and metallurgy. [4] [5] [6] [7] [8] Materials with high dielectric loss are internally heated up due to the interaction with microwave when it is irradiated. Consequently, microwave processing makes it possible to heat materials very rapidly and uniformly. Since the absorption of microwave energy varies with the composition and structure of different phases, selective heating is also possible and presents new opportunities. Employing microwave energy for the heating of slag includes the following potential advantages. 9) (1) Slag is heated internally and therefore the refractory temperature, namely, refractory wear can be reduced; (2) The energy source is relatively clean, and easily controlled without gas generation (except reaction products); (3) Microwave can accelerate chemical reactions in slags. However, fundamental data are lacking on the heating behavior of steelmakeing slags under microwave irradiation.
The present work described is a part of the research project "Studies on innovative iron and steelmaking process harmonized with environment" funded by Japan Society of Promotion of Science. In the present article the application of microwave for heating slag is discussed. The temperature-increasing and dielectric loss properties of the synthesized CaO-SiO 2 -Fe t O slags were investigated. The effects of carbon and magnetite additions on the heating behavior of the slags were also studied. The reduction behavior of slag with graphite powder under microwave irradiation and the recycling scheme proposed for steelmaking slag will be described in another paper.
11)

Experimental
Microwave Fundamentals
Microwaves are electromagnetic waves that have a frequency range of 0.3 to 300 GHz and corresponding wavelengths ranging from 1 m to 1 mm. Microwaves also obey the laws of optics and can be transmitted, absorbed, or reflected, depending on the material interacted with. When a material is placed in the path of microwave radiation, the material will begin to be heated as it absorbs the electromagnetic radiation. The degree of absorption of microwaves by a dielectric material is related to the material's complex permittivity e (F/m), which is composed of a real part (eЈ, dielectric constant) and an imaginary part (eЉ, di- Where e 0 is vacuum permittivity (e 0 ϭ8.86ϫ10 Ϫ12 F/m), eЈ r is the relative dielectric constant, and eЉ eff is the effective relative dielectric loss factor. When the microwaves penetrate and propagated through a dielectric material, the internal electric fields generated within the affected volume induce transitional motions of free or bound charges (e.g., electron or ions) and rotate charge complexes such as dipoles. The resistance of these induced motions due to inertial, elastic, and frictional forces, which are frequently dependent, causes losses and attenuates the electric field. As a consequence of these losses, volumetric heating results. For convenience, the loss mechanisms are all combined tighter in one loss parameter, eЉ eff . However, the loss tangent (tan d) is commonly used to describe these loss as Eq. (2) ....................... (2) where s is the total effective conductivity (s/m) caused by conduction and displacement and f is the frequency (GHz). The power absorbed per unit volume P (w/m 3 ), provides the following basis for heating:
Where E (v/m) is the magnitude of the internal field. Equation (3) shows that the power absorbed is proportional to the frequency and effective relative dielectric loss factor, and varies with the square of the electric field. This means that a material can easily absorb the microwave energy, being significantly heated with a larger value of eЉ eef . Therefore, this value is a measure of the loss (or absorption) of the microwave energy with the material.
Experimental Procedure
Preparation of Experimental Materials
Pre-melting of the Synthesized CaO-SiO 2 -Fe t O slags: Synthetic slags were prepared from the chemical reagents, such as SiO 2 , Fe 3 O 4 , Fe 2 O 3 and CaO calcined from CaCO 3 . The initial compositions were adjusted to the contents of Group 1, 2 and 3, respectively as shown in Table 1 . They were premelted in iron crucible at 1 673 K for 1 h under a deoxidized argon atmosphere (20 ml/min) and quenched in flushing Ar, then crushed to powder (Ͻ80 mesh). The slags of Group 3 were employed to study the influence of carbon additions on the heating behavior of the slag.
Preparation 
Microwave Heating of Slags
Microwave heating was carried out in a commercial microwave oven (2.45 GHz, 1.6 kW, Sharp Co. Ltd. RE-6200). A schematic diagram of the experimental apparatus is shown in Fig. 1 . A weighed test sample (10-15 g) was charged in a quartz crucible (inner diameter 38 mm, high 45 mm), which was then placed onto an insulating brick located in the center of the oven. In the test designed to study the influence of carbon additions on heating characteristics, the reagent grade graphite powder was mechanically well mixed with the slag of Group 3. The sample was irradiated with the full power of the microwave oven for required time. During microwave heating, the temperature of the sample was measured by a dual wavelength pyrometer (CHINO, IR-AQ) through a 5 mm diameter hole in the insulation. The temperature lower than 973 K could not be measured due to the feature of this pyrometer. After irradiation, the sample was cooled in the air and weighed, then subjected to chemical analyses and X-ray diffraction analysis (40 kV, 200 mA) to determine the crystal phases.
The Measurement of Dielectric Loss Factor
For the measurement of the dielectric loss of slags, a sample was prepared by pressing the slag powder into cylinder under a pressure of 5 ton/cm 2 . Although the frequency adapted in the present experiments was 2.45 GHz, frequency range was limited. The measurements were conducted by method using an impedance analyzer (HewlettPackard Co. Ltd. HP4284A) in the frequency range of 20 Hz to 1 MHz.
Result and discussion
Heating Behavior of the Synthesizted CaO-SiO 2 -
Fe t O Slag Pre-melted Slag: The slag compositions employed in the present experiments, Groups 1 and 2 are plotted in Fig. 2 together with tables. As shown in Fig. 2 , slag compositions were located on the liquidus curve of 1 573 K of the CaOSiO 2 -Fe t O system for Group 1 (47 mass% (FeOϩFe 2 O 3 )) and that of 1 523 K for Group 2 (67 mass% (FeOϩFe 2 O 3 ) ), respectively. When microwave was irradiated on the samples, most of the samples were heated up very rapidly after several ten seconds. The heating curves for the slags of Groups 1 and 2 are demonstrated in Fig. 3 . In the case of Group 1, temperature was raised quickly up to about 1 600 K, then the heating rate was depressed. The change in the heating rate is presumably due to the different liquidus temperature of the slag as shown in Fig. 2 . Since it is necessary to supply the heat required for melting, temperature leveled off at the liquidus temperature of the slag. Similar behavior was also found in the slags of Group 2 except for the sample No. 10 in which heterogenous heating probably occurred. The differences among the results shown in Fig. 3 reflect that the ratio of Fe ) were 0.166 and 0.154, respectively. This result implies that an optimized slag composition for heating should be existed. According to the results of X-ray diffraction analysis, a wide variety of calcium ferrite phases but no magnetite were found in the samples of Nos. 3 and 10. This indicates that the high microwave absorption ratios of Nos. 3 and 10 shown in Fig. 3 were probably due to some complex oxide phases with high dielectric loss. Hence, the following experiments were conducted to study the differences of the heating behavior of the slags with similar average composition but different oxide phases.
High CaFe 3 O 5 Slag: As described in the previous section, no magnetite was observed in the slags of Nos. 3 and 10 that coupled microwave efficiently. Therefore, the temperature behavior of slags may be influenced by other phases such as calcium ferrite. To study this influence, the samples containing high CaFe 2 O 4 and/or CaFe 3 O 5 were irradiated. The temperature behavior as a function of irradiating time is demonstrated in Fig. 4 . The heating curve of pure magnetite is also plotted together for reference. The sample with high CaFe 3 O 5 content was heated as fast as magnetite. However, the sample with high CaFe 2 O 4 content could not be heated to 973 K, which is the lowest limit of present equipment. From this result, it becomes evident that CaFe 3 O 5 phase was selectively heated in the microwave field and thus the heating behavior was affected significant- 
Effect of Dielectric Loss on the Initial Heating
Rate of the Slag During microwave processing, the heating behavior changes with compositions and dielectric losses of materials. It is important to know these characteristics for the better process control. The interdependence between compositions, dielectric losses and heating behavior is necessary for optimizing microwave process parameters. Accordingly, the dielectric losses of the synthesized slags of Groups 1 and 2 were measured in the frequency range from 20 Hz to 1 MHz. Since the mechanism of dielectric polarization (orientation polarization) is alike in the frequency range of 1 MHz to 2.45 GHz, the value of dielectric loss under the frequency of 1 MHz could be relatively applicable in the present conditions of 2.45 GHz. The upper and lower diagrams of ) in the slags of Groups 1 and 2 on dielectric loss and the initial heating rate are shown in Fig. 7 . The initial heating rate was defined by the value of 973 K/t o , where t o is the time required for heating to 973 K. This is because the average heating rate up to 973 K is considered to represent the heating rate of the slags at such low temperatures as the thermal run away would not occur, since the temperature promptly rises up to 973 K after the thermal run away is observed. Although the heat capacity and thermal conductivity of the slags might affect the tem- perature behavior during the microwave irradiation, we considered the influence by the difference in the slag composition should be rather small and we evaluated the heat generation by the average heating rate defined here. As expected, the dielectric loss and the heating rate were affected by the ratio of Fe ) was far from 0.16, the slags absorbed microwave less efficiently, which led to decrease in the heating rate. Figure 8 shows the relationship between the initial heating rate and dielectric loss. These data correspond to those shown in Fig. 7 . It is obvious that the heating rate increases linearly with the dielectric loss in the same experimental conditions. The slags of Groups 1 and 2, however, show the different relationship (solid and dash), which is probably due to the different frequency dependence of the dielectric losses in the slags of Groups 1 and 2.
Temperature Behavior of Synthesized Steelmaking
Slags with Graphite Powder under Microwave Irradiation The synthesized steelmaking slags with graphite powder addition were treated by microwave irradiation. An example of temperature behavior in the present condition is demonstrated in Fig. 9 . This slag was mixed with graphite powder of 1.5 times as much as the amount required for the reduction of Fe 2 O 3 into pure Fe. Henceforth, we describe such a value as carbon equivalent (C eq ). The sample was found to ) on dielectric loss and the initial heating rate. reach 2 060 K in about 400 s, and the temperature was kept almost constant. Compared to the experiment without carbon addition (as shown in Sec. 3.1) the efficiency of microwave absorption has increased significantly. This trend was reported by Kozuka and Mackenzie 10) in the microwave heating experiment of SiO 2 /C powder mixture. This is because microwave-induced electrical current on the surface of the carbon particles generates the joule heat. The effect of carbon addition on the temperature behavior is shown in Fig. 10 . When the amount of carbon in samples was varied from C eq ϭ0.5 to 2.0, heating rate was moderately affected. Although the slag without graphite (C eq ϭ0) was heated up to only 1 040 K, all the samples with a certain amount of graphite were heated up to temperature higher than 1 873 K in 230 to 450 s. Since it seems to be difficult to compare the initial heating rate when carbon is contained, we defined the heating rate as the average temperature-increasing rate from 973 to 1 873 K in the present section. As shown in Fig. 11 , heating rate fairly increased with carbon equivalent (C eq ) and it reached as much as 5.0 K/s when C eq was 1.75. This is probably due to an increase in the specific surface area of the graphite exposed to microwave, leading to an increase in the joule generation.
Conclusions
The synthesized CaO-SiO 2 -Fe t O system slags were heated by microwave irradation of 2.45 GHz and 1 600 W. The influences of various factors such as oxide phases, dielectric losses and carbon addition on the temperature-increasing behavior were investigated. The results obtained are summarized as follows.
( ) in slags was far from this value (0.16), heating rate considerably decreased.
(2) The heating rates of slags were proportional to the dielectric loss, a measure of the absorption of the microwave energy within the materials.
(3) The CaFe 3 O 5 phase of slags was found to be efficiently coupled with microwave, hence contribute largely to the initial heating rate due to its high dielectric loss.
(4) Influence of carbon equivalent (C eq ) on the heating rate was moderate and the sample with higher C eq showed larger heating rate.
